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Abstract
One attractive method for evaluating the perfor-
mance of mobile handsets is using the so-called mean
effective gain (MEG) which is a realistic measure of
the handset’s ability to receive and transmit power.
In this work the MEG is obtained via a measure-
ment of the spherical radiation pattern of the hand-
set and the influence of the measurement frequency
on the MEG is investigated. The investigation is
based on five different commercially available hand-
sets, which were measured in an anechoic room in a
cordless setup using a base station simulator. Since
the handsets are battery powered during the measure-
ments it is important to limit the total measurement
time. This work proposes a method for reducing the
number of measurements in the case where the MEG
needs to be computed at several frequencies.
1 Introduction
The performance of a mobile handset with respect to
the amount of power it is able to receive and trans-
mit is important for both the user and the network
operator, because the performance in this aspect may
have a large influence on the battery lifetime as well
as for network coverage and capacity.
One way to characterize the performance of a mo-
bile handset in a realistic way is to use the so-called
mean effective gain (MEG). Using a known antenna
as reference, the MEG measures the mean received
or transmitted power in a realistic mobile environ-
ment [1]. The MEG is an attractive measure since it
incorporates both directional and polarization prop-
erties of the mobile channel and the handset. Al-
though the MEG involves properties of both the
handset itself and the environment, the use of spher-
ical measurements makes it possible to separate the
measurements of the mobile handset and measure-
ments of the mobile channel [2]. In practice the sur-
face integral involved in obtaining the MEG in this
way has to be computed from a finite set of samples
of the spherical radiation pattern. The radiation pat-
terns are generally frequency dependent and hence in
principle they have to be measured at all relevant fre-
quencies. Based on measurements of commercially
available handsets, this work investigates how the
MEG depends on the measurement frequency. Fur-
thermore a method is proposed for reducing the total
number of measurements.
2 Mean Effective Gain
The MEG is the ratio of the actually received mean
power to the mean power received by two hypothet-
ical isotropic antennas matched to the θ- and φ-
polarizations, respectively. As detailed in [3], the
MEG may be obtained using a surface integration,
Γ(f) =
∮
S
|eθ(Ω, f)|
2Qθ(Ω) + |eφ(Ω, f)|
2Qφ(Ω) dΩ∮
S
Qθ(Ω) +Qφ(Ω) dΩ
(1)
Using ψ to denote either θ or φ, eψ(Ω, f) is the ψ-
polarization component of the electrical far-field pat-
tern for the handset antenna measured at the fre-
quency f , where Ω is the solid angle describing the
direction. The interpretation of Qψ(Ω) depends on
the link direction. For the down-link (DL), Qψ(Ω)
is the power received on the average by the hand-
set from the direction Ω in the ψ-polarization. For
the up-link (UL), Qψ(Ω) is the power received on
the average by the base station stemming from the
mobile transmitting in the direction Ω and in the ψ-
polarization. In this work Qψ(Ω) is assumed to be
essentially frequency independent within the band of
interest.
Note that since MEG is a ratio of power values only
the cross polarization difference (XPD) and the dis-
tribution of power versus direction is important. In
this work three spherical models of the power density
Qψ(Ω) have been used,
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• HUT: a model based on numerous outdoor to in-
door measurements in the city of Helsinki, Fin-
land [4]. This model is uniform versus azimuth
angle.
• MBK: a model is based on numerous outdoor
to indoor measurements in the city of Aalborg,
Denmark [5]. This model is non-uniform versus
both azimuth and elevation angle.
• Iso: The isotropic model implies equal weight-
ing of power versus direction in both polariza-
tions and with an XPD of 0 dB. This model
results in MEG values equivalent to total radi-
ated power (TRP) and total receiver sensitiv-
ity (TRS), for the UL and DL, respectively.
In practice the antenna radiation patterns have to
be measured using a discrete set of samples taken on a
sphere surrounding the antenna, for example in a 10◦
by 10◦ grid defining the azimuth and elevation angles
of the measurement points. This measurement proce-
dure is time consuming and may be a problem since
the handset has to be battery powered during the
measurements. Furthermore, the radiation patterns
of handset antennas can be expected to be frequency
dependent, since antenna matching circuits typically
are frequency selective, and also the antenna itself
will to some degree depend on the frequency. Given
this, the MEG should be evaluated at all relevant fre-
quencies which, in principle, would require measure-
ments of the spherical radiation patterns for each of
those frequencies. However, it is possible that only a
reduced set of measurements needs to be carried out,
as demonstrated below.
Define the antenna efficiency at the frequency f as
γ(f) =
∮
S
|eθ(Ω, f)|
2 + |eφ(Ω, f)|
2 dΩ (2)
Using this definition, the frequency dependent MEG
may be written as
Γ(f) = γ(f)Γ′(f) (3)
where the normalized MEG Γ′(f) is obtained by sub-
stituting the normalized radiation patterns given by
e′ψ(Ω, f) = eψ(Ω, f)/
√
γ(f) in (1).
If it can be shown that Γ′(f1) ' Γ
′(f2) for any
f1, f2 within the band of interest, then the full spher-
ical radiation pattern of the antenna only has to be
measured at one frequency. The MEG at other fre-
quencies may be obtained by a simple scaling, as
indicated by (3). Obviously, this is only an advan-
tage if γ(f) can be estimated from a fewer number
of samples than used in the integration for Γ′(f). In
this work it is investigated whether Γ′(f) can be ap-
proximated as frequency independent for some actual
handsets, and furthermore estimation of γ(f) from a
subset of samples is considered.
3 Measurements and Data Pro-
cessing
Spherical radiation patterns of four commercially
available GSM handsets have been measured. The
handsets represent some of the most important hand-
set types used today. Handset A and B are large
handsets with external and internal antennas, respec-
tively. Handset C and E are small handsets with
internal and external antennas, respectively. Here
‘small’ handsets are among the smallest handsets
available today, about 10 cm by 4.5 cm, and the
‘large’ handsets are about 13 cm by 4.5 cm. Hand-
set E was also measured with a substitute antenna;
these measurements are labeled handset F.
The measurements were performed in a large ane-
choic room using a GSM test base station and a po-
sitioning device with two axes. Both the base sta-
tion and the positioning device are controlled by soft-
ware, allowing automatic measurement of the com-
plete spherical radiation pattern in both the θ- and
the φ-polarization. The base station measures the UL
power while the DL measurements are obtained from
the power levels measured by the handset, as required
by the GSM standard. In this way the measurements
can be made without attaching extra cables etc. to
the handsets that might change the radiation pat-
tern [6].
All the handsets were measured on the GSM-
1800 channels 512, 698, and 885, corresponding to
1805 MHz, 1842 MHz, and 1880 MHz for the DL, re-
spectively, and 1710 MHz, 1747 MHz, and 1785 MHz
for the UL.
The spherical radiation patterns were sampled us-
ing increments of 10◦ in both the azimuth angle φ and
the elevation angle θ. The handsets were measured
in free space with the length of the handsets oriented
along the z-axis of the coordinate system and with
the display pointing towards the negative y-axis.
For real handsets in actual use both the radia-
tion pattern and the spherical power distribution
are non-isotropic, and the MEG will vary depend-
ing on the orientation of the handset with respect
to the environment. In order to investigate this,
the measured radiation patterns have been rotated
firstly with an angle of λ about the y-axis and af-
terwards with an angle µ about the z-axis, using
all combinations of µ ∈ {0◦, 15◦, 30◦, . . . , 345◦} and
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λ ∈ {0◦, 15◦, . . . , 60◦, 300◦, 315◦, . . . , 345◦}. For each
combination of λ and µ the MEG was computed, as
described below. It should be mentioned that spline
interpolation has been used to obtain the rotated ra-
diation patterns, since samples are needed from di-
rections not in the original sampling grid.
In the following the difference in the MEG for dif-
ferent measurement frequencies is evaluated using the
normalized MEG,
Γ∗(f ;λ, µ) =
Γ(f ;λ, µ)
Γ(fc;λ, µ)
(4)
where fc is the frequency of the center GSM-1800
channel 698, and where Γ(f ;λ, µ) is the MEG value
obtained with the rotation angles λ, µ and with the
measurement made at the frequency f . The MEG
value as given by (1) is approximated using the for-
mula,
Γ(f ;λ, µ) '
N−1∑
n=0
M−1∑
m=0
[
Gθ(θn, φm; f ;λ, µ)Qθ(θn, φm)
+Gφ(θn, φm; f ;λ, µ)Qφ(θn, φm)
] sin(θn)
Penv
(5)
where
Penv =
N−1∑
n=0
M−1∑
m=0
[
Qθ(θn, φm) +Qφ(θn, φm)
]
sin(θn)
and Gψ(θn, φm; f ;λ, µ) is the squared magnitude of
ψ-polarization component of the E-field in the direc-
tion given by (θn, φm), with a rotation of the antenna
using the angle pair (λ, µ), and a measurement fre-
quency f . The number of samples in the azimuth
and elevation angles are M = 36 and N = 19, re-
spectively. The sampling points of the sphere are
given by the angles θn = n∆θ and φm = m∆φ, with
∆φ = ∆θ = 10
◦.
As mentioned above, γ(f) should be estimated
from as few measurements as possible, in order to
minimize the measurement time. Due to the physical
shape of the measured handsets, where the length
is larger than the width, it can be expected that
the variation in the radiation pattern is more pro-
nounced versus the elevation angle than versus the
azimuth angle. Therefore, the original sampling den-
sity of 10◦ is retained for the elevation angle, but in
the azimuth angle a reduced number of samples are
considered. By decimation of the original measure-
ments, sampling densities of d · ∆φ is tested, where
d ∈ {1, 2, 3, 4, 6, 9}. The values of γ(f) obtained for
the different decimation factors are evaluated using
the ratio,
γ∗d(f) =
γd(f)
γ1(f)
(6)
where
γd(f) = d · ∆φ∆θ
N−1∑
n=0
M
d
−1∑
m=0
[
|eθ(θn, φdm; f)|
2
+ |eφ(θn, φdm; f)|
2
]
sin(θn) (7)
using a discrete version of (2).
4 Results
For each handset the value of Γ∗(f) in (4) was com-
puted for all the orientations mentioned in Sec. 3.
Fig. 1 shows an example of the results for handset A,
where the endpoints of each vertical line indicate the
minimum and maximum values in dB, respectively,
of the Γ∗(f) values obtained for handset orientations.
The point on each line is the mean value.
A summary of the values obtained with all the
handsets and environment models are shown in
Tab. 1, where the mean and maximum values of
|Γ∗(f)| are given for the UL. The table shows that
computing the MEG from a measurement made at
the center frequency may result in an error of up to
1.7 dB at the band edges. The similar maximum er-
ror value for the DL is 2.6 dB. For the isotropic model
the maximum values equal the mean, since the MEG
is independent of the handset orientation in this case.
It is easily shown that
Γ′(f ;λ, µ)
Γ′(fc;λ, µ)
=
Γ∗(f ;λ, µ)
Γ∗
iso
(f ;λ, µ)
(8)
where Γ∗
iso
(·) is the MEG value computed for the
isotropic environment. Hence, the variation over fre-
quency of the normalized MEG Γ′(·) for the non-
isotropic environments may be obtained by normal-
izing Γ∗(f) with the value from the isotropic case.
From Fig. 1 it is evident that this leads to a reduc-
tion of the maximum error in the MEG. Tab. 2 shows
the ratio in (8) for the UL. Only values for the MBK
and HUT models are shown, since, by definition, the
normalized MEG does not vary with frequency for
the isotropic model. Comparing the values in Tab. 2
with the corresponding values in Tab. 1 a clear reduc-
tion in the maximum values is noticed. A reduction
of up to 1.2 dB has been realized, so that all maxi-
mum values are below or equal to 0.8 dB. In one case
the maximum value was increased by 0.1 dB.
Using the method proposed in Sec. 3, the values
of γ(f) were estimated using decimated versions of
the measured radiation patterns and compared to the
values obtained without decimation. As an example,
Fig. 2 shows the values of γ∗(f) for handset C on the
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MBK model HUT model Isotropic model
Ch512 Ch885 Ch512 Ch885 Ch512 Ch885
mean
max.
abs.
mean
max.
abs.
mean
max.
abs.
mean
max.
abs.
mean
max.
abs.
mean
max.
abs.
A 1.0 1.3 1.2 1.5 1.1 1.7 1.2 1.5 1.0 1.0 1.1 1.1
B 0.2 0.4 0.7 1.0 0.3 0.8 0.6 1.0 0.1 0.1 0.7 0.7
C 0.3 0.7 1.0 1.2 0.3 0.7 1.1 1.2 0.5 0.5 1.0 1.0
E 1.0 1.3 0.4 0.9 1.0 1.4 0.4 0.7 1.0 1.0 0.4 0.5
F 0.7 1.1 0.9 1.4 0.7 1.0 0.8 1.3 0.7 0.7 1.0 1.0
Table 1: Statistics of the difference in MEG due to the measurement frequency. All values are in dB and for
the UL.
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Figure 1: Difference in the MEG, Γ∗(f), for hand-
set A in the UL.
three UL channels when different decimation factors
were used in the estimation.
As expected the error generally increases for in-
creasing decimation factor, although in some cases a
local decrease in error is observed for an increased
decimation factor. A likely explanation is that not
only the number of sampling points, but also their
location on the sphere surrounding the handset is im-
portant.
An overview is shown in Tab. 3, where the max-
imum values of γ∗(f) for the three bands are given
for the various combinations of the handsets and dec-
imation factors. The table shows that the errors are
small; even for a sampling interval in the azimuth
angle of 90◦, the maximum error observed is only
0.33 dB.
MBK model HUT model
Handset Ch512 Ch885 Ch512 Ch885
A 0.4 0.3 0.7 0.4
B 0.3 0.4 0.8 0.7
C 0.7 0.2 0.7 0.2
E 0.3 0.5 0.4 0.8
F 0.7 0.4 0.4 0.7
Table 2: The maximum absolute values of the nor-
malized MEG in the UL. All values are in dB.
5 Conclusion
This work considers computation of the mean effec-
tive gain (MEG) from measurements of spherical ra-
diation patterns of mobile handsets, and in particular
the variation in the MEG for different measurement
frequencies. To investigate this, full spherical radi-
ation patterns of five different mobile handsets were
measured in an anechoic room. The measurements
were performed using a base station simulator for the
GSM-1800 system at the center channel as well as
the two channels at the band edges. The MEG was
then computed for three different environments and
for 216 orientations of the handsets.
A difference in MEG at the band edges of up to
1.7 dB was found compared to the MEG at the center
channel, and considering all handset orientations.
A straightforward measurement of the full spheri-
cal radiation patterns at all desired frequencies may
require a significant number of measurements. In
this work a method is proposed for reducing the to-
tal number of measurements. Assuming that the fre-
quency variation is mainly in the total power received
or transmitted by the antenna, the radiation pattern
is normalized, resulting in a, ideally, frequency inde-
pendent and normalized MEG. The normalized MEG
can then be scaled to any frequency using the total
power. It was shown in this work that the frequency
dependent total power can be estimated within a frac-
4
1 2 3 4 5 6 7 8 9
−0.1
0
0.1
0.2
0.3
0.4
D
ev
ia
tio
n 
fro
m
 d
ec
im
at
io
n 
1 
po
we
r e
st
. [d
B]
C, free, UL
Decimation factor
Ch512
Ch698
Ch885
Figure 2: Deviation in γ estimation versus decimation
factor for handset C in the UL.
Decimation factor
2 3 4 6 9
A 0.00 0.01 0.01 0.02 0.04
B 0.01 0.01 0.01 0.03 0.05
C 0.02 0.06 0.04 0.19 0.29
E 0.04 0.08 0.04 0.19 0.30
F 0.04 0.08 0.05 0.21 0.33
Table 3: Deviation of estimated γ(f) from values ob-
tained with no decimation. All values are in dB and
for the UL.
tion of a dB by using only a small subset of the full
spherical radiation pattern.
For the proposed method to be useful the power
normalized radiation patterns must result in fre-
quency independent MEG values. From the measure-
ments it was found that the changes in the normal-
ized MEG over frequency for different handset orien-
tations was maximum 0.8 dB. This error introduced
in the MEG should be compared to the variation in
the MEG for different handset orientations in realistic
environments, which may be 3–7 dB [7].
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